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Abstract—Eddy current brake is developed to take the
superior advantages of fast anti-lock braking to the conventional
hydraulic brake systems. Magnetic and electric field generated
by these eddy currents suppress the disturbing field. The electric
and magnetic field distribution are obtained from Neumann’s
and Maxwell's equations respectively. The presented model for
simulating electric and magnetic field are a three dimensional
field problem. Braking torque analysis is investigated by using an
approximate theoretical model. A good agreement is found
between the numerical and experimental. Since the eddy-current
problem usually depends on the geometry of the moving
conductive sheet and the pole shape, there is no general method
for solving it analytically. This paper presents a method for
analysis of the eddy current in the special case of a rotating disc
in a time-variant field by using a time-domain Finite Element
Method from t = 0 to the brake time. Finite Element Methods is
adopted for this work using COMSOL Multiphysics model.
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Finite element method; Braking torque; Power dissipation;
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1. INTRODUCTION

Dampers have been thoroughly studied and have many
different operating principles (Friction damper,
Electrorheological and Magnetorheological dampers and Eddy
current dampers) [1, 2].

A Friction Damper (FD) is composed of an actuator that
applies a normal force on the output shaft. A frictional
damping force is produced as a consequence of relative motion.
If the friction damper is properly controlled it can emulate
viscous characteristics or any other type of nonlinear damping.
FD, pointed out in [3], are hysteresis and the presence of a
static friction band [4] that can cause irregular behavior.

Electrorheological (ER) and Magnetorheological (MR)
dampers use liquids whose viscosity depends on the electric or
magnetic field strength respectively [1, 4-9]. A more accurate
model and a comparison between MR and FD can be found in
[3], where it is pointed out that MR damper, like the FDs,
present high hysteresis.

Eddy Current Damper (ECD) is magnetic devices
composed of a conductive material moving through a magnetic
field. Eddy currents are induced and create a damping force
that is proportional to the relative velocity between the material
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and the magnetic field.

These devices can be realized with either permanent
magnets or electromagnets. In both cases there is the possibility
to design a device whose damping can be adjusted [10-13]. In
one case, the damping coefficient can be controlled by varying
the intensity of the magnetic field, in the other case, by
modifying the geometry of the conductor, or the gap between
the conductor and the magnets [12]. This class of devices,
being fluid-free and contact-free, is not affected by typical
troubles due to oil, and by frictional wear. The conventional
contact type brake system which uses a hydraulic system has
many problems such as time delay response due to pressure
build-up, brake pad wear due to contact movement, bulky size,
and low braking performance in a high speed region.

The simulation of magnetic and electric field plays an
important role in the understanding of eddy current
phenomena, especially in the composite conducting medium.
Numerical methods, such as finite element Method (FEM)
[14], charge simulation method (CSM) [15-21], and integral
equation methods have been used to simulate the electric and
magnetic fields.

In this paper, a contactless brake system using an eddy
current is proposed to overcome the problems. The analysis of
the eddy current density distribution and the braking torque are
presented for a rotating disc which has a finite radius. The
simulation of the induced magnetic, electric fields and eddy
current in conducting disc considered this model as a three-
dimension field problem. Hence, accurate computations of
magnetic and electric field are a prerequisite for determining
the calculating induced eddy current. The Finite Element
method (FEM) is used for the distribution of eddy current in
the rotating conductive disc.

II.  BRAKING TORQUE ANALYSIS

Figure 1, given by [17] explains how the eddy current is
induced when a magnetic flux goes through a rotating disc of
conductive material. Due to the interaction between the eddy
current and a magnetic flux, a braking force is generated. This
force, Lorentz forces, from the currents slow the disc rotation.

The eddy current had been explained by many analytical
methods. One of them calculated the amount of eddy current
and braking torque by assuming that all the power dissipated
by the eddy current is used for generating the braking torque.



The other obtained the braking force by applying the Lorentz
force law while using an imaginary current path lumped on the
disc and resistance obtained by experiment.
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Fig. 1. A schematic configuration of an eddy current type brake system [17].

In this paper the braking system is applied by using a finite
element method to the general diffusion equation derived from
Maxwell's equation for the study of the transient and steady
state eddy current effects.

III. SIMULATION MODEL

From Lorentz force the velocity v at a point (x,y) due to
the induced current from a rotating disc with angular velocity
w about its axis, is given by

v = w(-y,x,0) D

For a conductive rod of length [ moving with the constant
velocity, v, perpendicular to the axial direction of the
conductive rod in a time-variant magnetic field B. The
motional electric field intensity E,, induced in the conductive
rod can be calculated as [18-19]

E, = (E+vXB) (2)

where, E is the electric field intensity obtained by Coulomb's
law.

Since there is no complete circuit the motional electric field
intensity E,,, is zero. Hence, E in the conductive rod equals

E=-vxB 3)

The movable charges of the conductor are subject to the
magnetic force Qv X B that is directed downward along the
conductive rod. This will lead to a separation of the charges Q,
the positive ones moving to one side of the conductive rod and
the negative ones to the other side. But these separated charges
will produce an electric field E pointing upward that will tend
to decrease the total force on the given charge moving in the
interior.

The magnetic current density ], is determined from time-
varying Maxwell's equation [18-19] as

Jm =V xH @

where, H is the magnetic field strength which equal to p™!B
with

B=VxA (5)
Jm =V X (VX A) (6)
and an electrostatic current density, at time t = 0, ], is given as

Je = oE, (7

where, o is the conductivity of the conductor materials and the
static electric field intensity E, is given as

E. =-V0 €)

where, @ is the scalar electric potential. Equation (7) can be
modified to

Je = —0VO )
The eddy current density outside the pole projection area, |,
, is represented simply by
Jr =oE (10)
from eqns. (3) and (5) the motional current density is equal to
J, = —ovx(VxXA) (1)

According to Kirchhoff's current law, the summation of
current is equal to zero, taking into account the current
direction. A new equation is produced to simulate the eddy
current as

VX (WV X A) — ov X (VX A) 4+ 0V0 = 0.0 (12)

A new equation is produced to simulate the eddy current
using FEM the boundary condition at t = 0 is (V - | = 0) with
Jmn=0

V- (—ovx (VxA)+0oV®) =0.0 (13)

The other boundary condition depends on the magnetic and
electric boundary conditions on external boundaries are

nxA:O)
n-J=0

where, n is the normal component of the boundary value.

(14)

The induced vertical torque, T,, slows the disc down, which
described by an ordinary differential equation (ODE) for the
angular velocity w

dw
T, =1 T (15)
where, I is the moment of inertia given by;
12
[= m— (16)

where, r is the finite radius of the disc and m is the disc mass

The total torque T is obtained by volume disc integration

T= f rx (J xB) dv (17)

disc volume
Owing to the symmetry of the disc, the problem space can

be restricted to upper view of the disc with appropriate
symmetry boundary conditions, Fig. 2 [22-23]. The upper view



of the disc is a 1 cm thick copper disc with a radius of 10 cm
and an initial angular speed of 1000 rpm, with two variable
magnetic flux density B=1T and B=2T, hard (u, = 1)
permanent magnet connected to an iron yoke with a 1.5 cm air
gap in which the copper disc spins.
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Fig. 2. Three dimension model of braking system using eddy current brake [22-
23].

Numerical calculations were performed using partial
differential equations (PDE) solutions [14, 20], using
COMSOL Multiphysics program Model [22-23] but with more
details for the three kinds of current given in Egs (6), (9) and
(11). In general, a three-dimensional (3D) problem space is
divided into triangular elements and the variables are
approximated by third order polynomials in each element, see
Fig. 3. The boundary condition that the radial component of the
eddy currents is zero at the edge of the rotating disc is assumed.
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Fig. 3. Finite element discretization results 15689 nodes and 38584 elements
[22-23].

IV. RESULTS AND DISCUSSION

A. Braking Performance

In order to demonstrate the proposed approach, the
COMSOL Multiphysics model is set up as shown in Fig. 3.

Figures 4, 5, and 6 show the time evolution of the angular
velocity, braking torque and dissipated power respectively.
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Fig. 4. The time evolution of the angular velocity with an initial angular speed
of 1000 rpm, (a) for B =1T and (b) for B =2T.

From Fig. 4, it is clear that the damping coefficient can be
controlled by varying the intensity of the magnetic field and the
magnetic flux density, in the other case, by modifying the
geometry of the conductor, or the gap between the conductor
and the magnets.

The disc is assumed to start moving with rolling motion
which has a linear disc velocity of 10.5m/s which
corresponds to initial wheel angular velocity of 1000 rpm.
From Fig. 4, the angular velocity of the moving disc has almost
stoppedatt = 25sfor B=1Tandt = 7sfor B=2T.

From Fig. 5, the maximum value of the braking force is
assumed to be 0.5 Nm, the braking torque value increases with
magnetic flux value.

The Dissipation power increases as the induced eddy
current density increases see Fig. 6, from this figure it is clear
that the eddy current braking have the disadvantage of
consuming power and produce heating while maintaining a
fixed damping value.
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Fig. 5. The time evolution of the braking torque with an initial angular speed of
1000 rpm, (a)for B = 1T and (b) for B =2T.

B. Eddy Current Density

The simulation program gives the initial value and direction
of the eddy current density before rotational at time t = 0 s for
the two cases, B = 1T and B = 2 T respectively see Fig. 7.

The maximum value of initial current density in case of
B=1Tis 1.1775 x 107 A/m?, while in case of B=2T is
2.353 x 107 A/m?.

From Figures 8 and 9, the final steady state value and
direction of the eddy current density are reduced to 8.0954 X
10* A/m? in case of B=1T and t = 25 s and to 1.4356 X
10° A/m? in case of B =2 T and t = 7 s. The reduction in the
eddy current density value can be attributed to the induced
magnetic flux which causes the reduction of the net magnetic
flux passing through the pole projection area and the
temperature dependency of the conductivity.

According to the boundary condition it is cleared that the
radial component of the eddy currents is zero at the edge of the
rotating disc, shown in Figures 8, and 9.
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Fig. 6. The time evolution of the dissipated power with an initial angular speed
of 1000 rpm, (a)for B =1T and (b) for B =2T.

I.  EXPERIMENTAL MODEL

To validate the accuracy of the proposed model, the braking
torque is compared with measured values by experiment. The
experimental setup composed of the rotating disc and electric
motor is shown in Fig. 10 [17], the physical parameters of the
experimental model are as follow: the width and the height of
the pole are 20 mm, air gap length 5 mm, finally the radius and
thickness of the disk are 10 cm and 3 mm respectively.

Fig. 10 shows an overall experimental
investigating the performance of the ECB.

setup for

Fig. 11 shows experimental and simulation results of how
the brake system performs for the scaled model. For a
comparison purpose, the simulation results are displayed
together with the experimental results.

The disc is assumed to start moving with rolling motion
which has a linear angular velocity of 10.5m/s which
corresponds to initial wheel angular velocity of 1000 rpm and
copper disc radius of 10 cm. Hence, the experimental model



with respect to angular velocity and copper disc radius agree
well to the simulation model.
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Fig. 7. The eddy current density magnitude and direction at t = 0 s with an
initial angular speed of 1000 rpm, (a) for B =1T and (b) for B =2T.
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Fig. 8. The eddy current density when the disc has almost stopped t = 25 s
with an initial angular speed of 1000 rpm and for= 1T .
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Fig. 9. The eddy current density when the disc has almost stopped t = 7 s
with an initial angular speed of 1000 rpm and for B = 2 T.

Fig. 10. An overall experimental setup for investigating the performance of the
eddy current damper [17].

Fig. 11 shows experimental results for the linear velocity of
the disc 10.5m/s. In Fig. 11(b), the maximum value of the
estimated and measured results of braking torque is assumed to
be 0.15 when angular velocity 1000 rpm, which agree with
Fig. 5(a) and in Fig. 11(c), the maximum value of the estimated
and measured results of braking torque is assumed to be 0.3,
which agree with Fig. 5(b). These results obtained from the
assumed simulation model.

II.  CONCLUSION

The analyses of the eddy current density distribution and
the braking torque are presented for the rotating disc. An
approximate theoretical model is derived for the behavior of an
eddy current disc brake in the low-speed zone. For this
purpose, the eddy current density in the rotating disc was
obtained by using FEM due to the motional induced electric
field. The boundary condition that the radial component of the
eddy currents is zero at the edge of the rotating disc is assumed.
To validate the proposed model, the braking torque of the
analytical result is compared with the others experimental
result. The proposed model presents fairly accurate results in a
low angular velocity range. Braking torque analysis is



performed by using an approximate theoretical model and the
braking torque is experimentally compensated. From
simulation and experimental results, it is observed that the eddy
current brake provides a fast braking response because it is
capable of fast anti-lock braking. In order to make the proposed
method helpful in practical problems, the induced magnetic
field of the conductivity taking into considered. In conclusion,
it can be said that an ECB can provide superior performances
in terms of reliability and safety in a high speed region when it
is compared with the performance results of the conventional
hydraulic brake.
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Fig. 11. Experimental results of (a) the viscous-friction torque, (b) the braking
torque when B = 1T, (c) the braking torque when B = 2 T, (d) Simulation
results of the braking performance of the ECB when angular velocity is w is
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